Introduction
============

Rice grain shape is a determinant of grain weight and an important component of grain yield, along with the number of panicles per plant and the number of grains per panicle. It is composed of three elements: grain length, width and thickness ([@b56-65_120]). As rice is a major cereal crop worldwide, increasing its yield is considered an overriding objective of rice breeding programs. Benefiting from the use of semi-dwarf genes and hybrid rice technologies, rice yields have been elevated to new levels ([@b57-65_120]). However, with increasing consumption due to the growing global population, it has been projected that global food production must increase 70% by 2050. This is made even more challenging by the decreasing availability of arable land. Not surprisingly, food insecurity has increased in recent years ([@b10-65_120]). Thus, research focused on improving grain yields is necessary to solve these problems.

Rice yield is dependent on several factors, including number of plants per unit area, number of grains per panicle and grain weight, which is largely determined by grain size ([@b14-65_120], [@b56-65_120]). Grain size directly affects to rice yield and is an important determinant of rice quality ([@b45-65_120]). Elucidating the genetic mechanisms affecting grain shape has great significance to breed high-yielding rice varieties. In recent years, much research has been devoted to the study of the identification, localization, cloning and functional analysis of genes involved grain shape and great progress has been made ([@b30-65_120]).

The development of molecular marker techniques, genome mapping and quantitative trait locus (QTL) analysis has helped advance the study of grain shape and weight. High-density genetic linkage maps have been constructed using restriction fragment length polymorphism (RFLP) and simple sequence repeat markers (SSR) methodologies. Over 400 QTLs related to grain shape and weight have been mapped to chromosomes, and over 160,100 and 95 QTLs have been associated with 1000-grain weight (KGW), grain length and grain width, respectively ([@b13-65_120]). However, to date, only a few genes have been fine-mapped or identified. Seven genes associated with grain shape have been isolated using map-based cloning strategies: *GRAIN WIDTH 2,5* and *8* (*GW2*, [@b41-65_120]; *GW5*, [@b38-65_120], [@b50-65_120], [@b55-65_120]; *GW8*, [@b51-65_120]); *GRAIN SIZE 3* (*GS3*, [@b7-65_120]); *GRAIN SIZE ON CHROMOSOME 5* (*GS5*, [@b26-65_120]); *GRAIN LENGTH 3* (*qGL3*, [@b35-65_120], [@b60-65_120]); and *THOUSAND-GRAIN WEIGHT 6* (*TGW6*, [@b17-65_120]). The isolation of these genes has enhanced our knowledge of the molecular regulatory mechanisms responsible for grain size and offers potential for future high-yield rice breeding ([@b42-65_120]).

In this article, we review possible genetic regulatory mechanisms involved in determining rice grain shape, including heterotrimeric GTP-binding protein (G-protein) signaling pathways, protein phosphatase regulatory pathways, ubiquitin (Ub)/26S proteasome pathways, gene expression levels and Phytohormones.

Heterotrimeric G-protein signaling and grain shape
==================================================

*GS3* is a negative regulator of grain size, with major effects on grain length and weight, and minor effects on grain width and thickness ([@b7-65_120]). The complete *GS3* protein contains a plant-specific organ size regulation (OSR) domain in the N terminus, a transmembrane domain, and both a tumor necrosis factor receptor/nerve growth factor receptor (TNFR/NGFR) family cysteine-rich domain, and a von Willebrand factor type C (VWFC) in the C terminus ([@b29-65_120]). The OSR domain is the key negative regulator of grain length, whereas the two C-terminal domains have an inhibitory effect on OSR function ([@b29-65_120]).

Three alleles in the *GS3* locus have been identified in different rice varieties. Rice varieties such as *Oryza sativa* L. 'Zhenshan97' which have a normal grain length, carry a *GS3* allele that encodes a complete transmembrane protein and regulates cell number in the upper epidermis of the glume ([@b44-65_120]). Rice varieties such as *Oryza sativa* L. 'Minghui63', which have long grains, contain a *GS3* allele characterized by a C-to-A substitution at 165bp that causes premature termination of the predicted protein, resulting in a complete loss of the functional protein domain. This allele is common in rice with long grains. The third *GS3* allele also encodes a truncated protein, this one having only the OSR and transmembrane domains. It exists in varieties such as *Oryza sativa* L. 'Chuan7', which has very short grains ([@b7-65_120], [@b8-65_120], [@b29-65_120]).

*GS3* is a homolog of AGG3, the G protein γ-subunit of *Arabidopsis*, and the OSR domain is a γ-like domain ([@b25-65_120]). Heterotrimeric G-proteins are comprised of Gα, Gβ and Gγ subunits and act as important molecular swithes in multiple growth and development pathways in eukaryotic cells. G-proteins exist in three conformational states (depending on whether they are bound to GDP, GTP or no nucleotide) that determine G-protein activity. Mammals have many genes encoding G-protein subunits ([@b33-65_120]), whereas plants seem to harbor relatively few such genes. In rice, one α subunit gene (RGA1), one β subunit gene (RGB1) and five γ subunit genes (RGG1, RGG2, GS3, DEP1 and OSGGC2) have been identified ([@b15-65_120], [@b16-65_120], [@b19-65_120], [@b25-65_120]). In contrast with *Arabidopsis AGG3*, which positively regulates seed and organ size, rice *GS3* negatively regulates grain length and weight. As one of the five Gγ genes in rice, it is possible that negative regulation by *GS3* involves interaction of GS3 with Gβ to form a Gβγ dimer ([@b40-65_120]).

Protein Phosphatases and grain shape
====================================

*qGL3/GL3.1* is a major QTL for rice grain length and weight, and a minor QTL for grain width and thickness, and encodes a Ser/Thr phosphatase of the protein phosphatase kelch-like (PPKL) family ([@b35-65_120], [@b60-65_120]). PPKL is a newly identified phosphatase family characterized by kelch-like domain repeats in the N terminus ([@b23-65_120]). A comparison of the coding region of *OsPPKL1* from *Oryza sativa* L. 'N411' and 'WY3', which have larger grains, with *Oryza sativa* L. '93-11' and 'Fengaizhan-1' (FAZ1), which have smaller grains, revealed four point mutations. Compared to 93-11 and FAZ1, a nucleotide transversion in the 10^th^ exon and a nucleotide transition in the 11^th^ exon leads to amino acid residue changes from Asp to Glu and His to Tyr respectively, in N411 and WY3. The mutation in the 10^th^ exon is necessary for producing longer grains and acts by accelerating cell division ([@b35-65_120]). This mutation site has been detected in only a few rice varieties, such as *Oryza sativa* L. 'N411', 'WY3', 'DT108', 'Jizi1560' and 'Jizi1581' ([@b35-65_120], [@b60-65_120]). A transformation study of different *qGL3/GL3.1* domains indicated that the Kelch domain is responsible for the negative regulatory function of *OsPPKL1^93-11^* ([@b60-65_120]).

Ser/Thr phosphatases catalyze dephosphorylation of Ser and Thr residues, and act in opposition to Ser/Thr kinases, which catalyze the transfer of γ phosphates from ATP or GTP to Ser or Thr. Protein phosphorylation is an important posttranslational modification that occurs in almost a third of all proteins and is critical for transmission of extracellular signals into cells ([@b62-65_120]). It is involved in multiple regulatory processes, such as protein activation, assembly and disassembly of protein complexes, protein degradation and subcellular localization of proteins ([@b34-65_120]). The onset of mitosis requires phosphorylation of many proteins.

Cyclin-T1;3 is a substrate of GL3.1 in the grain length regulation pathway. The *GL3.1* small grain allele has strong Cyclin-T1;3 dephosphorylation activity that results in almost complete dephosphorylation of Cyclin-T1;3 substrate and allows for a normal level of mitosis to produce ordinary grain. In comparison, the *GL3.1* large grain allele has weaker Cyclin-T1;3 dephosphorylation activity, accelerates transformation from the G1 phase of mitosis to G2, and promotes formation of a longer spikelet hull. Thus, in some large-grain rice varieties, weaker GL3.1 dephosphorylation activity may result in accumulation of phosphorylated substrates that promote DNA synthesis and accelerate cell division, thereby producing longer grains ([@b35-65_120]).

Ubiquitin/26S proteasome pathway and grain shape
================================================

*GW2* has been identified as a major QTL for grain width and weight. It encodes a RING-type domain with E3 ubiquitin ligase activity. The absence of one nucleotide in the 4^th^ exon of *GW2* in *Oryza sativa* L. WY3 results in the premature production of the protein and production of large grains. GW2 plays a negative role in controlling cell division through the ubiquitin-proteasome proteolytic pathway, and this function relies on the RING domain in the N terminus. The truncated GW2 protein found in WY3 contains the complete E3 functional region, but cannot negatively regulate grain width because of the absence of the substrate-binding region. Morphological observations of cells in a large-grain *GW2* mutant indicate that an increase in cell numbers within spikelet hulls and accelerated filling are responsible for the observed increases in grain width, weight and yield ([@b41-65_120]).

*qSW5/GW5* is another major gene controlling grain width and weight, and is located in chromosome 5 ([@b38-65_120], [@b50-65_120], [@b55-65_120]). Polymorphism studies in different rice varieties have shown that the deletion of 1212 base within *qSW5/GW5* plays an important role in changing grain shape and increasing grain weight by controlling cell number in the outer glume of the rice flower ([@b38-65_120]). *qSW5/GW5* encodes a nucleoprotein containing 144 amino acid residues with an arginine-rich domain. A yeast two-hybrid experiment indicated that *qSW5/GW5* interacts with polyubiquitin, suggesting that *qSW5/GW5* activity in the ubiquitin-proteasome pathway regulates cell division during seed development ([@b55-65_120]).

The ubiquitin/26S proteasome system is the most important proteasome proteolytic pathway in eukaryotic organisms. This pathway participates widely in hormone signaling, regulation of chromatin structure and transcription, responses to abiotic and biotic environmental challenges, including pathogens ([@b49-65_120]). In particular, it plays an important part in seed size determination in plants ([@b5-65_120]). Ubiquitin is a highly conserved protein with 76 amino acid residues. Ubiquitination is mediated by three enzymes: ubiquitin-activating enzyme E1, which is responsible for activation of free ubiquitins; ubiquitin-conjugating enzyme E2, which is responsible for combining the ubiquitins activated by E1; and ubiquitin-protein ligase E3, which identifies targets and mediates ubiquitin transfer ([@b2-65_120]). In plants, E3 ubiquitin ligases can be divided into four types, each containing different domains, Homology to E6AP C Terminus (HECT), Real Interesting New Gene/U-Box (RING/U-Box), a complex of Skp1, CDC53, and F-box protein (SCF) and anaphase-promoting complex (APC), based on subunit composition and mechanism of action ([@b39-65_120]). The first two types are single polypeptides and the last two types are protein complexes with several subunits. There are at least 1,300 E3 ubiquitin-protein ligase genes in the rice genome ([@b6-65_120]), including 425 genes encoding for RING finger proteins ([@b27-65_120]). The RING domain contains four pairs of zinc ligands formed by Cys and His, which can bind zinc ions and form C~3~H~2~C~3~ (RING-H2) or C~3~H~1~C~4~ (RING-HC) structures with the same conserved His at metal ligand position 4, and either a Cys or His residue at metal ligand position 5 ([@b61-65_120]). The RING-type E3 ubiquitin ligase encoded by *GW2* is different from any of the known structures. It is characterized by a Cys residue at metal ligand position 5 and a His residue at metal ligand position 6 (C~5~H~1~C~2~). This structure was also identified in maize and wheat, suggesting that GW2 represents a conserved RING domain in plants ([@b41-65_120]).

Regulation of the plant cell cycle is precise and complicated. It involves the participation of many proteins, the most important being cyclin-dependent kinases (CDKs), CDK-activating kinases and CDK inhibitors. The functions of these regulatory factors are controlled by the 26S proteasome and specific E3 ubiquitin ligases ([@b39-65_120]). The E3 ubiquitin ligases that participate in cell cycle regulation are mainly APC and SCF types. SCF-type E3 ubiquitin ligases are responsible for interactions between ubiquitins and cyclins of G1/S and certain CDK inhibitors, and participate in the ubiquitination proteasome as regulatory factors in G1/S ([@b12-65_120], [@b21-65_120], [@b53-65_120], [@b54-65_120]). APC-type E3 ubiquitin ligases are responsible for coupling ubiquitins with cyclins in M phase and to other factors necessary for mitosis. They are also involved in separation of sister chromatids, depolymerization of spindle fibers, cytokinesis and reentry into G1 phase ([@b4-65_120], [@b28-65_120], [@b52-65_120]).

Although many simple RING-type E3 ubiquitin ligases were identified through genome-wide studies of rice, the regulatory mechanisms of these genes have not been well studied, and information was limited to only some of these genes participating in disease resistance and response to abiotic stressors ([@b22-65_120]). *GW2* was first discovered as a simple RING-type E3 ubiquitin ligase that controlled rice development through regulation of the cell cycle. The substrates and regulatory mechanisms of E3 are still pooly understood, and need to be studied further.

Gene expression levels and grain shape
======================================

*GS5* is a major QTL for grain width, weight and filling that was identified on chromosome 5 using a double haploid population derived from a cross between Zhenshan 97 (ZS97, wide grain) and *Oryza sativa* L. 'H94' (narrow grain) ([@b26-65_120]). GS5 encodes a putative serine carboxypeptidase belonging to the peptidase S10 family. In as comparison of cross-sections from the central part of the palea/lemma of the spikelet of near-isogenic lines (NILs), it was found that the inner parenchyma cell layer of NIL (ZS97) contains a greater number of cells than that of NIL (H94) ([@b26-65_120]). Some important cell cycle-related genes involved in the G1/S phase are upregulated when GS5 is overexpressed, and downregulated in loss-of-function *GS5* mutants. These facts indicate that *GS5* acts as a positive regulatory factor in the cell cycle and that high *GS5* expression can increase the cell number by regulating mitosis, thereby controlling grain size. An analysis of the open reading frames (ORFs) and promoter regions has shown that a sequence polymorphism in the promoter region, not in the ORF region, is responsible for the effect of GS5 on grain width ([@b26-65_120]).

*GW8* was is a major QTL found on chromosome 8 that aids in controlling grain width and yield. This QTL is located in a 7.5-kb region of the genome that contains the first exon of LOC_Os08g41940 and the promoter region. The candidate gene *OsSPL16* encodes SQUAMOSA promoter-binding protein-like 16 which belongs to the SQUAMOSA promoter binding proteins (SBP) family of transcriptional factors. Although six polymorphisms were detected in the DNA sequence of *Oryza sativa* L. 'Basmati385' (slender grain) and *Oryza sativa* L. 'HJX74' (wide grain), none influenced grain width. The polymorphism that contributes greatly to the slender grain trait of Basmati385 is a 10-bp deletion in the *OsSPL16* promoter. When the grain shape-related genes *GW2*, *GS3* and *GS5* were expressed at similar levels, the cell cycle related genes in G1/S phase showed higher expression level in NIL-GW8 than in NIL-gw8 with no expression differences detected in G2/M phase. These data, combined with the morphological observations, indicate that *GW8* regulates the cell cycle, promoting latitudinal growth by increasing cell proliferation and inhibiting longitudinal growth by repressing cell elongation ([@b51-65_120]).

It is interesting to note that functional mutations in the two positive regulators of grain shape (*GW8* and *GS5*) are in the promoter region, whereas functional mutations in the negative regulators (*GW2*, *GS3*, *qGL3/GL3.1* and *GW5/qSW5*) are in the ORF. Moreover, *GW8* and *GS5* seemingly regulate cell division and grain shape by changing expression of genes involved in the G1/S phase. The genes upregulated by higher expression of *GS5* were also increased in NIL-GW8 ([@b26-65_120], [@b51-65_120], [Table 1](#t1-65_120){ref-type="table"}), suggesting that the two genes may regulate grain shape using similar molecular mechanisms that regulate the cell cycle.

Phytohormones and grain shape
=============================

*TGW6* is a newly cloned gene from kasalath, a small-grain *indica* variety, and affects grain length and weight ([@b17-65_120]). It encodes a protein with indole-3-acetic acid (IAA)-glucose hydrolase activity. The tgw6 allele of *Oryza sativa* L. 'Nipponbare' can affect the timing of the transition from the syncytial to the cellular phase by controlling the supply of IAA, and also limits cell number and grain length. A single nucleotide deletion at 313bp in the *TGW6* allele derived from kasalath is a functional single nucleotide polymorphism that produces truncated protein and results in the loss of the negative regulation of grain shape. NIL (TGW6) not only contains more endosperm cell layers than Nipponbare, based on the identical cell length, but also has greater dry weight throughout grain development ([@b17-65_120]). During rice seed development, the primary endosperm nucleus undergoes a series of mitosis without cytokinesis to produce coenocytes. After several rapid rounds of this nuclear proliferation, mitosis in the coenocytes halts and cellularization (a special kind of cytokinesis that form single cells) occurs. The duration of the syncytial phase and timing of cellularization are very influential factors in determining grain size and weight ([@b31-65_120]). The IAA-glucose hydrolase encoded by *TGW6* in Nipponbare hydrolyzes IAA-glucose into IAA and glucose. The IAA content in NIL (TGW6) is only 16.6% of that in Nipponbare, and the expression of many auxin-responsive genes is lower. TGW6 from Nipponbare controls cell division to limit cell number and grain length through these IAA effects, and at the same time, suppresses expression of genes related to starch synthesis ([@b17-65_120]). In contrast with the above-mentioned genes (*GW2*, *GW5/qSW5*, *GS3*, *qGL3*/*GL3.1*, *GS5* and *GW8*), all of which regulate endosperm indirectly by controlling the size of spikelet hulls, *TGW6* regulates endosperm cell number directly, and effects starch synthesis and grain weight ([@b17-65_120]).

Summary of regulatory mechanisms of grain shape
===============================================

Despite many advances in the identification and molecular characterization of genes that affect grain shape, many aspects of the genetic and molecular mechanisms underlying their action remain unclear.

As one of the five γ-subunits in rice, *GS3* controls transmembrane signal transmission, which regulates grain shape by changing its own structure. An expression study of *GS3* indicates that the regulatory function is realized through control of ovule development ([@b43-65_120]). However, determining where and how regulation occurs requires additional morphological and molecular research. In addition, there are differences in growth and morphological phenotypes between *Arabidopsis* and rice G-protein mutants (for instance, *GS3* in rice and *AGG3* in *Arabidopsis*), and some proteins involved in heterotrimeric G-protein signaling pathways in *Arabidopsis* do not exist in rice. These findings suggest that cereals may use G-protein signaling mechanisms that are distinct from those in other flowering plants ([@b47-65_120]). More experiments are needed to identify and characterize the constituents and functions of G-protein that regulate grain shape.

*qGL3/GL3.1* encodes a Ser/Thr phosphatase that dephosphorylates proteins. The CDKs, key regulators of the cell cycle, are a group of Ser/Thr phosphatases that act with cyclin to regulate the cell cycle. Thus, phosphorylation and dephosphorylation of substrates are important in the cell cycle and are necessary for G1-S and G2-M phase changes in plant cells ([@b48-65_120]). qGL3/GL3.1 dephosphorylates its substrate, cyclin-T1;3, which regulates grain length by affecting the cell division rate in the spikelet hull.

Acting as an E3 ubiquitin ligase, GW2 functions in ubiquitin/26S proteasomal pathway and negatively regulates the cell division in spikelet hulls. The protein encoded by *GW5/qSW5* physically interacts with polyubiquitin, affecting cell division to regulate cell number in the outer glume and thus determine grain width. This indicates that *GW5/qSW5* and *GW2* may share a similar mechanism in the ubiquitin-proteasome pathway for grain width regulation. The two kinds of ubiquitin ligase complexes, SCF and APC, are involved in cell cycle regulation. GW2 is regarded as a new type of simple ubiquitin ligase that also aids in cell cycle regulation. However, the substrates of GW2 and GW5/qSW5 and their downstream effects have yet to be elucidated.

Unlike other genes related to rice grain shape, the IAA-glucose hydrolase encoded by TGW6 regulates cell division by controlling the supply of IAA, affecting cell number in the endosperm and thus grain length, instead of affecting the length of the spikelet hulls. IAA plays a key role in cell division and elongation ([@b24-65_120]). It can induce the expression of cyclin-dependent kinase CDKA1;1 ([@b59-65_120]) and CYCA2;2, and is also upregulated by IAA during lateral root development in alfalfa ([@b36-65_120]). In the root tip of maize, altering the distribution of auxin can activate the root apical meristem quiescent center (QC), a group of mitotically inactive cells, stimulating cells to transition rapidly from G1 to M phase ([@b18-65_120]). In rice, *TGW6* regulates the cell cycle by affecting the timing of the transition from the syncytial to the cellular phase. Although this could modify the expression of many important cell-cycle-related genes, the specific target genes and underlying mechanisms require further study.

The expression levels *GS5* and *GW8* positively regulate grain shape. High expression levels of *GS5* and *GW8* induce expression of important genes in the G1/S phase, accelerate cell division and change grain shape. Some genes regulated by *GS5* in the G1/S phase were also influenced by *GW8*. Thus, these two genes may regulate grain shape through similar molecular regulatory pathway.

*GW2*, *GS3*, qGL3, *GW5/qSW5*, *GS5*, *GW8* and *TGW6* regulate the cell cycle by promoting or suppressing cell division, thus affecting cell numbers in rice grains, in the latitudinal or longitudinal directions. Additionally, many other genes regulating rice grain shape have been found by mutant analyses. Studies of rice dwarf mutants led to the identification of *D1*, which encodes a Gα subunit ([@b3-65_120], [@b9-65_120]); *D2* and *D11*, which encode novel cytochrome P450 CYP90D2 and CYP724B1, respectively ([@b11-65_120], [@b46-65_120]); and *D61/OsBRI1*, which encodes a putative Brassinosteroid (BR) receptor kinase ([@b58-65_120]). Screening of small and round rice seed mutants led to identification of *SRS1*, which encodes a novel protein ([@b1-65_120]); *SRS3*, which encodes a kinesin 13 protein ([@b20-65_120]); and *SRS5* ([@b37-65_120]), which encodes an α-tubulin protein. Investigation of an activation-tagged rice line led to identification of *SHORT GRAIN 1* (*SG1*), which encodes a protein of unknown function ([@b32-65_120]). Some of these genes are related to both G-protein and BR signaling pathways.

In the complex signal transduction pathways of plants, interactions among different pathways are possible. Thus, as research progresses, interactions will likely be discovered among the different pathways regulating grain shape. Improving our knowledge of the genes involved in determining grain shape will not only promote progress in rice breeding programs, but will enhance the our general understanding of plant cell cycle regulation.
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Regulation by GS5 and GW8 of the expression of genes involved in the cell cycle ([@b26-65_120], [@b51-65_120])
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The values were expressed relative to the level of transcript in NIL-GW8 set to be one. White bars, NIL-GW8; gray bars, NIL-gw8.

The values were expressed relative to the level of transcript in negative segregants set to be one. gray bars, GS5 overexpressor; Black bars, negative segregants.
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